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PolicyDrinkingwater governance is challengingwith different perceptions and priorities among stakeholders in differ-
ent countries. Tomake provision for drinking water protection in agricultural areas, governance systems need to
bemapped for bottlenecks to be identified and solutions highlighted. To address this a system thinking approach
was used in an explanatory network analysis of Fuzzy CognitiveMaps (FCM) thatwere created during face to face
interviews with stakeholder representative groups (individuals, policy developers, researchers, and regulators).
Two exercises were designed and facilitated to obtain stakeholder maps on A) the water governance framework
fromstakeholders' ownperspectivewith a ranking of actors in termsof their perceived importance and B) a list of
importance factors and how these were connected for the provision of good drinking water quality supplies in
agricultural areas. Causal relationships were subsequently drawn around each subject allowing mapping. A
graph theory Hierarchy Index (h) approach examined if stakeholder groups preferred top downhierarchical gov-
ernance or a more inclusive democratic governance approach. Finally, an auto-associative neural network
method was deployed on group maps for examination during steady-state conditions for three scenarios to be
explored i.e. changing “Farmers knowledge”, “bestmanagement practice (BMP) uptake” and “Farmers behaviour
and belief” to the highest level of influence and seeing how the system reacted. Results of Exercise A showed that
all stakeholder representative groups had a different perception of thewater governance framework.Most stake-
holder groups had a democratic point of view regardingwater governance structures and the ranking and impor-
tance of the actorswithin the framework. Results of Exercise B demonstrated thatmost of the groups have similar
opinions regarding the highest ranked factors affecting drinking water quality and the possible environmental
ecological policy options. In this second exercise, only one representative group showed a democratic outlook
whereas all others had a hierarchal outlook. Scenario testing of policy options enabled bottlenecks and possibleo. Wexford Y35 Y52, Ireland.
. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
S. Shahvi, P.-E. Mellander, P. Jordan et al. Science of the Total Environment 750 (2021) 142193solutions to be identified. By boosting “Farmers behaviour and belief” to the highest possible level, resulted in a
large increase in other factors– a scenariowhere farmers could benefit from theoutcome. Thiswould be achieved
by enhancing farmers' willingness and intention to participate and implement BMPs. Better results would be
achieved if farmers believed in the method and could benefit from the outcome. Also keeping “Farmers knowl-
edge” at the highest point had a positive influence on the other factors. This can be achieved by enhancing
farmers training and knowledge transfer by local and national actors. This method is widely applicable and
should be considered for more integrated and participatory approaches to drinking water governance.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Water is a finite resource with only one hundredth of 1% of the
world's water readily available for human use. Internationally,
drinking water supplies are extracted from surface or groundwater
bodies with this percentage varying depending on factors such as cli-
mate change, geology, source quality and degradation of aquatic eco-
systems (Gundry et al., 2006; Rufener et al., 2010; Daly et al., 2010;
Wiek and Larson, 2012). Many external pressures exist in terms of
quantity and quality of drinking water supplies including an increas-
ing global population and discharges from industry (Schmoll et al.,
2006; Besner et al., 2011; Harisha et al., 2010; Eliasson, 2014).
Worldwide, agriculture is a significant sector and itself a pressure
on both the quantity and quality of drinking water supplies. The
characterization of water abstraction and contamination due to
point and diffuse losses of nutrients (e.g. nitrogen and phosphorus,
Fenton et al., 2017), pesticides (Morton et al., 2019), pathogens
(Ashekuzzaman et al., 2018) and emerging contaminants such as
micro-plastics and pharmaceuticals (Lou et al., 2014; Naidu et al.,
2016; Machado et al., 2016; Lai et al., 2018) in areas with connectiv-
ity to drinking water supplies are subjects of on-going research
(McGrory et al., 2017; Khan et al., 2018; Schutz et al., 2019;
Panikkar et al., 2019; Jaramillo and O'Shea, 2019). Indeed, research
into the provision and implementation of “best management prac-
tices” on agricultural landscapes to protect drinking water supplies
is an important area of research.
The present study acknowledges that in different countries it is
difficult to map the governance structure and assess it from different
stakeholders' perspectives. A common goal in all countries within
the European Union (EU), for example, is the provision of good
drinking water quality. Although all member states are governed
by the same EU Directives e.g. Groundwater Directive or Water
Framework Directive, each individual state has a varied approach
to achieve these directives. It is proposed that this lack of clarity is
in itself a “pressure” on the provision of good quality drinking
water. For example, in the USA, Lyon (2010) highlighted factors
such as the inability to address local water problems on a timely
basis, the scattered responsibilities between organisations such as
US-EPA and US Geological Survey and confusing water laws. In an-
other example Foster et al. (2016) examined the function of water
governance in parts of the UK through a survey of relevant stake-
holders. Findings illustrated a good understanding with respect to
water governance among stakeholders as a result of sharing and
challenging their own knowledge and experience. Additionally,
some transformations in water governance are needed to solve com-
plex environmental problems. In Canada, on the other hand,
decentralised systems of environmental governance in the form of
federal, provisional and municipal frameworks currently predomi-
nate. In such a system, water governance is subjected to jurisdic-
tional and scalar fragmentation. According to stakeholders the
current water governance model causes some problems including a
lack of clarity among authorities and their specific roles, gaps, over-
laps, poor data collection and inadequate water quality monitoring
(Bakker and Cook, 2011). Therefore, there is still space for further
important work to implement improvements that can cascade to a2local scale. The present study presents a methodology to achieve
this aim, using governance in Ireland as an example.
Progress towards achievement of good drinkingwater quality in ag-
ricultural areas is often constrained by the different perceptions and
goals of various stakeholders that affect or deal with the consequences
of water regulation. Okumah and Yeboah (2020) found that stake-
holders' perceptions and goals for water regulation are influenced by
different factors such as water value and pollution sources and con-
cluded that integration of different stakeholder perceptions could im-
prove water governance. Dahik et al. (2018) examined water supply,
regulation and management of ecosystems in Paramo, Ecuador. Results
showed that stakeholders within a stakeholder representative group
and of different groups had substantially different perceptions. Out-
comes suggested more interaction among stakeholders and consider-
ation of trades-offs would lead to better convergence of the whole
system. In Florida USA, Borisova et al. (2012) through interaction with
different representative stakeholder groups developed a watershed im-
plementation plan for the assignation of Total Maximum Daily Loads of
pollutants. Outcomes recognized several differences but also common-
alities in stakeholder perceptions. The study concluded that finding a
common theme across stakeholder groupswhich have different percep-
tions, goals, organisational benefits and points of view could potentially
highlight solutions to perceived watershed management bottlenecks
and problems.
To examine the indicators and factors of importance to provide safe
drinking water in agricultural areas, while identifying bottlenecks that
hinder such provision, a systems thinking approach is a good option
as it can be appliedwhere the system behaviour is affected by the struc-
ture of the relationships between variables. Arnold and Wade (2015)
defined a “systems thinking approach” as a system which identifies its
own goal and then weighs the system elements and the interconnec-
tions between these elements. Such an approach has been studied pre-
viously to highlight bottlenecks and provide potential solutions. For
example, Kabunzana and Simatele (2017) evaluated the causal relation-
ships of an active solid waste management system in the Congo. The
study highlighted the importance of systems thinking as an integral
framework to understand the complexity of an active solid waste man-
agement system. Such an understanding could then facilitate better
management of solid waste in a more sustainable, social, and environ-
mental way. Martin et al. (2020) used a systems thinking approach to
evaluate the main interactions between natural based solutions and
their benefits to investigate the long-term outcomes on various Sustain-
able Development Goals (SDGs). Results showed that the methodology
is capable of demonstrating the complex interconnections among com-
ponents. Outcomes from the study increased the awareness and moti-
vation for those participating in decision-making or policy-making
processes.
There aremanyparticipatorymodelling approaches that can be used
to solve environmental problems. System dynamics models are an ex-
ample of those models which implement differential equations, to ex-
plain a system's reflection to external components and therefore its
main application is to model the dynamic manner of ecosystems. Sys-
tem dynamics models require a variety of empirical datasets (which
are costly and not always available) to successfully model ecosystems
(Ozesmi and Ozesmi, 2004). Suprun et al. (2018), reviewed types of
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models. Mediated modelling (MM) is used mainly to model environ-
mental issues. In this approach, stakeholders participatemore in the de-
velopment of the model. Indeed, a high level of commitment from
stakeholders along with intensive participation in order to reach an
overall agreement over the issue is needed. The Delphi method (DM)
in combinationwith systemdynamicmodelling has an advantage in sit-
uations with limited available data. Stakeholders participate individu-
ally and anonymously in the process by replying to questionnaires or
online surveys to declare their opinions. Indeed, this technique lets
the participants declare their opinions on a topic, while considering
the opinions of experts, and then the modeller would have a good
knowledge of key issues of the topic. Integrated participatory systems
modelling (IPSM) is a novel approach for system dynamic models de-
veloped by Suprun et al. (2018). This approach integrates an empirical
structural analysis with a series of stakeholder workshops. This ap-
proach helps modellers to obtain stakeholders' knowledge, for the sys-
tem dynamic model and also for the conceptualisation and policy-
option testing of the modelling process. The IPSM applies stakeholders'
integration at most phases of the model development process. The ap-
proach has the advantage of reducing conflict among stakeholders
while building trust among them (Suprun et al., 2018).
Some models have been introduced in the literature with the ability
to overcome stakeholders' biases by involving them in the experimental
design of the methodology. According to Voinnov et al. (2016), some
mechanisms are needed to recognize human biases and to solve them
in the participatory process. Participants' groupswithwell-trained facil-
itators and proper participatory processes would avoid the dominance
of perspectives as well as inappropriate individuals' dominance
(Voinnov et al., 2016).
Participatory DecisionAnalysis (PDA) is an approach based on stake-
holders' opinions and applies certain tools, such as Multi-Criteria Deci-
sion Analysis “to combine the values for a given action and rank the
sets of actions” (Voinnov and Bousquet, 2010 p. 3). ParticipatoryModel-
ling, on the other hand, is focused on stakeholders' engagement and
modelling, and would end in decision making. There is the possibility
to insert Participatory Modelling in PDAwith the advantage that stake-
holders can be engaged and trained to learn the experiment and the
process, and homogenise values among the stakeholders' representa-
tives. At the beginning of each exercise stakeholders usually have
some disagreements on some feature's importance as well as some op-
posing opinions on the priorities. PM with this design would help with
sharing information and building similar views by understanding the
system and its design (Voinnov and Bousquet, 2010).
Ulrich and Reynolds (2010) developed the Critical Systems Heuris-
tics (CSH) method, as a reflective framework and set of tools, capable
of exploring human perspectives, via questions. The questions test mo-
tivation, skills and legitimacy and determine how these are applied to
characterize “social roles (i.e. types of stakeholders), specific concerns
(i.e. types of stakes), and key issues in a system of interest” (Voinnov
et al., 2016 p. 16). Responses to these questions would clarify probable
system biases and different perceptions.
A systems thinking approach using the Fuzzy Cognitive Map (FCM)
method has been used to interpret the outcomes of many studies as it
can be used to address the stakeholders' views on environmental and
water quality policy issues (Kafetzis et al., 2010; Papageorgiou and
Kontogianni, 2012; Micha et al., 2020). One of the applications of the
FCM method is to obtain the perceptions of stakeholders pertaining to
a particular subject of interest and help to understand complex systems
more efficiently. The importance of including the stakeholders' views in
management-decision making has been highlighted elsewhere
(Gregory and Keeney, 1994; Berkes, 2004; Lynam et al., 2007; Gray
et al., 2012) aswell as important efforts by studies to integrate these dif-
ferent views to build systemmodels (Darke and Shanks, 1996; Voinnov
and Bousquet, 2010; Cascetta et al., 2015; Juntunen et al., 2018; Chopin
et al., 2019). As it is stated in the literature (Biggs et al., 1976; Ozesmi3and Ozesmi, 2003; Ozesmi and Ozesmi, 2004) Euler initially used
graph theory and has since developed it widely. The first person to
use the term “cognitive map” was Tolman (1948) (cited in Ozesmi
and Ozesmi, 2003). Later Kosko (1986) developed the FCM approach
by means of using the weighted relationships among them in policy
modelling projects. Since its development, FCM as an approach has
been used as a tool for analysing policymaking, decision-making and so-
cial systems. Studies in the last decades have demonstrated that the in-
tegration of stakeholders' knowledge in decision-making systems by
means of FCM is a proper way to map the governance structure and to
solve environmental issues (Axelrod, 1976; Puccia, 1983; Radomski
and Goeman, 1996; Kontogianni et al., 2012; Gray et al., 2012). In
FCM, the model performance is based on the pre-defined and the addi-
tive indicators (variables, factors) and the relationship among them, in
terms of strength and the signs of relationships i.e. weights (Ozesmi
and Ozesmi, 2003). The variables are either measurable quantities or
abstract concepts such as beliefs and knowledge. The additive variables
and the strength of the relationship among these variables can be de-
cided by the interviewees. Fuzzy Cognitive Mapping has been already
reported in the literature to efficiently solve ecological and environmen-
tal issues. Examples include: using FCM to interpret the views of differ-
ent stakeholders with respect to the Uluabat Lake ecosystem in a study
by Ozesmi and Ozesmi (2003); analysing the perceptions of stake-
holders regarding two wetlands in Turkey by Dadaser and Özesmi
(2001, 2002); and a forest management project in Denmark by
Hjortsø (2004). In another example FCM helped to resolve a conflict in
the Kizilirmak Delta in Turkey where government and NGOs managed
the issue by including the perceptions of the local people and stake-
holders (Ozesmi, 1999; Ozesmi and Ozesmi, 2003). Yalçın and Seçme
(2001) also used FCM in Turkey to obtain the views of middle and
high-level authorities on factors influenced by local industries and
found that none considered environment as an influence.
Fuzzy Cognitive Mapping is a flexible tool that has been successfully
applied in a wide spectrum of studies such as electrical engineering, po-
litical and ecological sciences. Due to its importance in the context of
obtaining different perceptions and scenario development, it is entirely
proper to apply in decision-making studies (Kok, 2009). One of the ad-
vantages of FCM is that it is not a sophisticated and equation-based tool
(Ozesmi and Ozesmi, 2004). Moreover, with FCM, it is possible to ap-
proach several stakeholders that may have a “diverse knowledge and/
or different degrees of expertise” (Ozesmi and Ozesmi, 2004 p. 3). The
technique allows for interaction with separate stakeholder groups and
the possibility to aggregate outcomes from individual groups into one
FCM. Comparing FCM to other ecologicalmodelling systems such as sys-
tem dynamics models some of its advantages can be highlighted. Sys-
tem dynamics models implement differential equations, which can
explain a systems reflection to external components and therefore is
mainly used to model the dynamic manner of ecosystems. Although
system dynamics models require a variety of empirical datasets to suc-
cessfully model ecosystems, FCMs are applicable even when limited
data is available. Also, FCMs are participatory approaches where stake-
holders cooperate to build the systems whereas in system dynamics
models, the stakeholders' interests are gathered to build their views
about a system. FCMs are easy-to-build approaches, produce qualitative
results and do not require expert knowledge. This was an advantage for
the present study as many different stakeholders were contacted and
the groups contained people with varied levels of knowledge. The
FCM approach implemented in this studywas not obtained from empir-
ical data, butmodelled perceptions based on stakeholders' views, which
is necessary when considering a complex system such as water gover-
nance with many stakeholders involved.
However, as stated by Kok (2009) and Cumming et al. (2005) there
are some uncertainties and potential inconsistencies in FCM-built sce-
narios and in the interpretation of the casual relationships between
factors inmodelled systems. Another drawback is the rather poormeth-
odology to derive the semi-quantification of relationships. Nevertheless,
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are involved in the construction of FCMs. Moreover, due to the semi-
quantitative values of FCM it is not easy to implement common calibra-
tion methods and instead the steady-state condition (equilibrium con-
dition of the system) is considered as the calibrated form of these
systems (Kok, 2009). Another perceived drawback of FCM is the abnor-
mal fluctuations of weights that sometimes occur in trials to bring the
systems into steady-state mode (Groumpus, 2017). When applying
FCMs it is not possible to bring in different stakeholders' perceptions
and probable bias in the experimental design and this instead should
be explained to interviewees.
With these FCM advantages and caveats noted, and taking Ireland as
a case study, the objectives of the present study were to a) map the
drinking water regulatory framework from different stakeholder per-
spectives using FCM; b) to examine the indicators and factors of impor-
tance to provide safe drinking water in agricultural catchments and;
c) bring this information together to identify the regulatory bottlenecks
for the protection of drinking water and improve the decision-making
and management system for drinking water provision. For these objec-
tives a system thinking approach was designed, stakeholders were
identified and approached and then face-to-face interviews were car-
ried out over an extended time period. The focus of theworkwas on ag-
ricultural activities and meso-scale catchments were defined as the
management boundary.
2. Material and methods
A flowchart summarising different steps of the developed and ap-
plied methodology is summarised in Supplementary material (Fig. S1).
2.1. Stakeholder group exercises
To obtain FCMs, face to face and in-depth interviews with represen-
tative stakeholder groups (see Table 1) were conducted. Only in one
case and due to the organisational restrictions pertaining, could the in-
terview be carried out remotely through email. The groups were se-
lected to cover the following categories of stakeholders: individuals,
policy developers, researchers and regulators. Next representative
groups for these stakeholder groups were assembled.
In total 11 interviews were conducted with 6 groups of representa-
tive stakeholders involved in the drinking water governance of
Ireland. The groups were selected to cover the diverse ranges of stake-
holders with various specialities and interests in the governance struc-
ture. The selected groups are believed to have a comprehensive
knowledge about the water governance and water quality situation in
Ireland. Two sets of group work exercises (A and B) were designed for
each representative stakeholder group:
• Exercise A, each representative stakeholder group was asked to map
out the water governance framework from their perspective.
• Exercise B, each representative stakeholder group was asked to map
out the important factors affecting the provision of good drinking
water quality in agricultural areas.
The average time to finish the Exercise A and B was 90 and 60 min,
respectively.Table 1
Representative stakeholder group information for interviews in two water governance exercis
Stakeholder group People in each group Male Female N
Catchments Scientist 5 4 1 S
Water Initiative Officer 3 2 1 A
Environmental Researcher 5 2 3 S
Policy Maker 3 2 1 R
Local Authority 2 2 0 R
Water Service Provider Unknown Unknown Unknown M
4Before Exercise A and B started, the FCM method and the design of
the two exercises were presented to each representative stakeholder
group and ample time was allocated for questions to ensure each
group understood the process involved. As recommended by Ozesmi
and Ozesmi (2003) the subject of the studywas presented as a question
and participants were asked to think about the factors of importance
whichmay affect the subject. The question posed to groups for Exercise
Awas: In Ireland, who do you think are the actors/stakeholders involved in
the water governance regulatory framework and how are they connected?
The question posed to groups for Exercise B was: In Ireland, what are the
factors of importance and how are these connected for provision of good
drinking water quality in agricultural areas?
2.1.1. Exercise A - water governance map
At the beginning of Exercise A (the water governance framework
map) each groupwas given a paper sheet (4800 cm2) containing the ac-
tors/stakeholder groups as in Table 2, in random order on printed cards
that could be re-arranged and fixed to the sheet. These actors/stake-
holders were compiled after a review by the authors but were not ex-
haustive. Representative stakeholder groups were advised and free to
add or subtract from this table as they so wished based on their knowl-
edge of the system. Blank cardswere also provided and a series of colour
markers. The stakeholders' participants were informed about the au-
thors' point of view regarding the integrative water governance and
that everyone's role in the systems is seen important.
The groupswere then asked to engage in a discussion assisted by the
facilitator to identify other actors/stakeholders not included in Table 2
and these were added to the blank cards provided. The groups were
then asked to connect all stakeholder cards on the sheet of paper
using directional arrows and to weight these connections. A fuzzy
logic key was developed and used to transform words into values i.e.
the weights were either positive or negative i.e. having an existing effi-
cient connection (+1, +2) or a conflicting or missing connection (−1,
−2,−3). The purpose of the key was explained to stakeholder repre-
sentative groups.
2.1.2. Water quality indicators
At the beginning of Exercise B (water quality factors of impor-
tance) each group was given a paper sheet (1274 cm2) containing
nine pre-defined indicators as in Table 3, in random order on printed
out cards which could be re-arranged and fixed to the sheet. Blank
cards were also provided and a series of colour markers. The pre-
defined indicators were chosen from the literature (Blackstock
et al., 2010; Hyland et al., 2018a, 2018b; Micha et al., 2020) or
based on the collective expert knowledge of the authors. Indicators
were divided into three main categories i.e. social, environmental
and economic and were selected based on the following criteria:
1) They are abstract ideas; 2) they are measurable in meso-scale ag-
ricultural catchments; 3) they are relevant to EU agricultural legisla-
tion and 4) they affect water quality directly.
The same process was repeated as in Exercise A regarding an initial
discussion, addition of any other indicators not already provided and
then connecting these indicators and assigning weights. Such connec-
tions or relationships between the variables (degree of influence)
gives information on how these factors affect each other. In this phase
another fuzzy logic key was used to transform word into values as thees for FCM.
otes
cientists, advisors and technicians providing measures supporting good water quality
griculture advisors safeguarding water quality in farmlands
cientists with background in water, soil and air
epresentatives working in agriculture and water quality area
epresentatives working in protection of drinking water in agricultural areas
ixture of team members with main responsibility of water and gas networks
Table 2
Actors and stakeholders involved in Irelandwater governance activities and a summary of
roles.
Actors and stakeholders Description
EU WFD A framework for protection of surface and
groundwater under environmental
legislation
Department of Housing, Planning
and Local Government
Helping local authorities to plan and build
better and more houses for people
Department of Communications,
Climate Actions and
Environment
Responsible for delivery of policies and
programs in a number of areas ensuring that
policies are in line with EU obligations
Department of Agriculture Food
and the Marine
Development and implementation of
national and EU schemes in support of
agriculture, food, forestry and rural
environment
Commission for Regulation of
Utilities
Ireland's independent energy and water
regulator
Environmental Protection Agency Responsible for protecting and improving the
environment as a valuable asset for the
people of Ireland
Pesticide Control Division Responsible for implementing the regulatory
system for plant protection and biocidal
products
Teagasc Providing research, advisory and training
services to the agriculture and food industry
ERVIA Commercial company responsible for
delivery of Ireland's national gas and water
infrastructure and services
Health Service Executive Responsibility to support the people of
Ireland in health and social care services
Irish Water Ltd Responsible for the operation of public water
and wastewater services. Part of ERVIA group
Agricultural Catchments
Programme
Main aim is to support water quality
objectives and the production of high-quality
food
Local Authorities Town and county councils responsible for
different water services regionally
House Holders Irish citizens using water for different
residential purposes and daily needs
Agricultural Sustainability
Advisors
Work with farmers towards more sustainable
farming, reduce impact of farming in areas of
action and to improve nutrient management
Local Authority Water Science and
Advice
A group of scientists assisting Local
Authorities to support WFD activities
National Federation of Group
Water Schemes
Representative and negotiating organisation
for community-owned rural water supplies
in Ireland
Local Authority Waters Program Implement River Basin Management Plans in
Ireland, as required by the EU Water Frame-
work Directive
Irish Farmers Association Representing the interests of Irish farmers
together with lobbying and campaigning for
improved conditions and incomes for farm
families
Farming co-operatives Groups of farmers coming together to
safeguard the price of milk who at the same
time are shareholders in the company
Farmers Water users for purpose of food and dairy
production, and cattle
Private Advisors Their role is in paid consultancy and advice
for the farm enterprise.
Dairy Industry Representing the interests of Ireland's dairy
processors, through a comprehensive advi-
sory service, and representation at national,
EU and international level
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(−−−,−−,−, Neutral, +, ++, +++).
2.2. Data analysis
In order to interpret and analyse the different representative stake-
holder group perceptions from Exercises A and B, FCMs were
constructed from theworksheets of each stakeholder group. The visual-
ization and some preliminary analysis of the maps were conducted5using Gephi© software as used previously by others (e.g. Bastian et al.,
2009; Bruns, 2012; Heymann and Le Grand, 2013; Jacomy et al., 2014;
Micha et al., 2020). Eachmap contains “nodes”which are representative
of variables (actors/indicators provided by authors or added by inter-
viewees) and “edges” which illustrate the connections (arrows drawn
by interviewees) between variables. The weights of the connections
were imported to the software and influenced the thickness of the
edges, i.e. the thicker lines have stronger weights. In summary the
FCMs are converted to matrices where in the case of connections be-
tween two variables the matrix array is given the value (Ozesmi and
Ozesmi, 2003; Ozesmi and Ozesmi, 2004; Micha et al., 2020) in the
form of:
A Dð Þ ¼ αij
  ð1Þ
whereA(D) is the squarematrix of variables inwhichαij is placed in row
i and column j.
2.3. Graph theory indices and neural network analysis
In this study FCMwasused to describe the interactions among actors
or stakeholders. Fuzzy Cognitive Maps are complex due to the large
number of nodes (variables, factors) and the connections among
them, and hence it is not possible to predict their behaviour by only fo-
cusing on each unit (Ozesmi and Ozesmi, 2003; Ozesmi and Ozesmi,
2004). To aid the process graph theory is an established method used
to analyse FCMs (Ozesmi and Ozesmi, 2003; Ozesmi and Ozesmi,
2004) and to interpret each drawn map. These kinds of in-depth analy-
ses provide important information such as the stakeholder perception
of a certain topic, the hierarchal point of view, and environmental-
ecological management scenarios. Some of the basic indices of FCMs in-
clude: N - number of nodes (variables), C - number of connections
(edges) between nodes, D - density of the map which is representative
of how connected the map is:
D ¼ C
N N−1ð Þð Þ ð2Þ
Out-degree (od(vi)) is defined as the cumulative weights of connec-
tions exiting in a node, in-degree (id(vi)) is the cumulative weights of
connections entering a node and Centrality (Cen) is the summation of
in-degree and out-degree and represent the contribution of a variable
in themap (Harary et al., 1965; Ozesmi and Ozesmi, 2003). Two impor-
tant types of nodes in a map are transmitter nodes and receiver nodes.
Transmitter nodes are those that have zero in-degree and a positive
out-degree. Receiver nodes, on the other hand, have zero out-degree
and positive in-degree.
The Hierarchy Index (h) is another useful indicator which reflects
the perceptions of stakeholders' opinion on a map structure, and is
expressed as:
h ¼ 12
N−1ð Þ Nð Þ N þ 1ð Þ∑i
od viÞ−∑od við Þð Þ
N
 2
ð3Þ
where N in the number of nodes and od(vi) is the out-degree of the
map. If h is equal to 0 the system is entirely democratic and when
equal to 1 it is fully hierarchical. This is an important differentiation.
Hierarchical governance approaches facilitate top-down decision
making, are routinely criticised for being inefficient, unresponsive,
and not flexible to learning and adaptation (Flores et al., 2016;
Akhmouch and Clavreul, 2016; Jimenes et al., 2020). Integrative,
adaptive, collaborative, and transparent water governance (i.e. a
democratic governance approach) is hypothesised to be more effec-
tive under stress and change (Miller, 2011; Nelson et al., 2008;
Kirchhoff and Dilling, 2016). This is an important distinction among
representative stakeholder groups and important in terms of provid-
ing solutions to bottlenecks within the current system of regulation.
Table 3
Pre-defined indicators used in the Exercise B.
Category Pre-selected indicator Units Description
Social Farmers knowledge (education, training) Nominal Knowledge gained from advisors, training, workshops etc.
Farmers behaviour and belief Nominal Farmers' willingness to participate and adopt BMPs above the baseline
Connectivity of stakeholders Nominal The way different sectors are interacting with each other
Environmental Nutrient use efficiency % Achievement of less than nitrogen MACa (<50 mg l−1 or <11.3 mg l−1 NO3-N for drinking
water) and phosphorus (<0.035 mg l−1 for surface water)
Total pesticides μg l−1 Applied by farmers (not exceeds 0.5 μg l−1)
MCPAb μg l−1 Applied by farmers (not exceeds 0.1 μg l−1)
BMPs (Buffer zones, cover crops, biodiversity)
and Water treatment facilities
% of
uptake
Best management practices implemented by farmers and water treatment methods
implemented
Economic Farmers' income (production) € Farmers' income from farm products
Cost of BMPs (required labour, land availability) € Cost and efforts to apply BMPs in lands
a Maximum allowable concentration.
b 2-Methyl-4-chlorophenoxyacetic acid (selective herbicide).
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to the representative group and not to the organisation they are part
of.
Further analysis of FCMs was achieved following the neural net-
work methodology of Reimann (1998). The steady-state phase of
the maps presents the outcome of the cognitive maps and not neces-
sarily their current shape. To achieve the steady-state condition of
the system, the “auto-associative neural network method”
(Reimann, 1998; Ozesmi and Ozesmi, 2003) was used where a vector
of initial values of variables is multiplied by the resulted FCM square
matrix:
In∗A
  ð3Þ
where In is the vector of initial variables, and A is the square FCMmatrix.
The resulting vector was then multiplied to the matrix and nor-
malised, and this procedure continued until the values became
stabilised. In this study all the FCMs reached their steady-state con-
ditions in less than 20 iterations. Steady-state calculations provide
the rankings of variables in comparison to each other. Once the
steady-state condition was obtained, some of the indicators/vari-
ables were changed to perform policy option scenarios by fixing
them at a desirable value at each step of the iteration and to analyse
the results when the system falls to the steady-state condition
(Kosko, 1987; Ozesmi and Ozesmi, 2003; Ozesmi and Ozesmi,
2004). Comparing the results of scenarios with the steady-state con-
dition of the system will give an indication of the effect of different
policies on the whole system. For example, a variable may be set to
1 for a highly desirable condition or to 0 for a low equivalent at
each iteration step. When the system been stabilised, by subtracting
the modelled steady state value to the initial one the percentage of
variation was calculated. Based on the steady-state results some pol-
icy options were conducted to achieve what-if scenarios and
decision-making options. Scenario development is a new tool in en-
vironmental sciences and has a key role in the achievement of long-
term environmental goals (Kok, 2009). Direct stakeholders' partici-
pation and scientific input of models can ensure that scenarios pro-
vide credible information (Kok, 2009). The main purpose of
scenario simulation is to avoid the problem of unforeseeable changes
and instead to provide outcomes for future planning. FCM-based sce-
narios have been built based on integrated perspectives of stake-
holders and their results can be used either as an independent
output or an input for the generation of new policies (Jetter and
Kok, 2014).
Scenarios were tested by changing the following to the highest level
of influence (i.e. keeping its value equal to one for every iteration
phase): 1) Farmers knowledge, 2) BMP uptake and 3) Farmers behav-
iour and belief.63. Results and discussion
3.1. Exercise A: water governance map
The water governance map of the Catchment Scientists representa-
tive group is presented in Fig. 1 and the complete stakeholder group
FCMs are provided in Supplementary material Figs. S2–S7 along with a
detailed table of results giving a comparison of FCM components, in-
degree, out-degree and degree of Cen (Table S1).
The number of variables and connections provided by each group
alongside the graph theory indices of the water governance map are
presented in Table 4. The Water Initiative Officers, Policy Makers, Local
Authorities and Water Service Providers representative groups did not
provide any transmitter variables while Catchment Scientists and Envi-
ronmental Researchers added five and three, respectively. This indicated
that the latter two groups sought more options for participation and
regulation of stakeholders in the governance structure. This may be
due to the fact that they currently perceive some of the actors/stake-
holders within the system as dependant on others and under their con-
trol (Ozesmi and Ozesmi, 2003).
The interviewees couldweigh the connections by either a positive or
a negative value. The latter meaning a connection which should exist
among stakeholders but currently does not and the higher negative
weights mean a higher adverse effect on the governance map. Accord-
ing to the Catchment Scientist stakeholder representative group the
highest missing connections for stakeholders were the “NGOs”. For the
Water Initiative Officers and the Local Authority stakeholder representa-
tive groups this was the “householders”, and the PolicyMaker represen-
tatives thought this was “Bord Bia (Irish Food Board)”. Among the
interviewed groups it was the Policy Maker stakeholder representative
group that provided the highest number of negative connections. Ac-
cording to this group, as well as Bord Bia, themeat industry, private ad-
visors, the dairy industry, universities and the Department of
Communication, Climate and Environment were other organisations
with missing connections.
TheWater Initiative Officer stakeholder representative group had a
high hierarchy index value. This indicated a belief that organisations
are more likely to be dictating to each other or working with more de-
pendency rather than collaborating with others. The other groups had
a lower hierarchy index and therefore are consideredmore democratic.
This perspective is likely to be open and engaged to implement changes
and management objectives. Democratic maps have been found to be
more flexible to environmental conversion since they have a higher
“level of integration and dependence” (Sandell, 1996; Ozesmi and
Ozesmi, 2003). As all maps fell into a steady-state condition in less
than 20 iterations scenario testing could be facilitated. Fig. 2 illustrates
thefirst three highest ranked actors/stakeholders according to each rep-
resentative stakeholder group after reaching this steady state condition.
Nodes Centrality distribution and colour legend of map
Fig. 1. FCM map of water governance map, Catchment Scientist group.
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entist andWater Initiative Officer stakeholder representative groups and
the third most important by the Environmental Researchers (Fig. 2). The
“Department of Agriculture”, the highest governmental actor in contact
with farmers, was ranked as the most important group by Environmen-
tal Researchers and the second most important by Catchment Scientists.
“Teagasc”, as the research, advisory and training service provider to ag-
riculture and food producers, was viewed as important by different
groups. PolicyMakers, Environmental Researchers and the Local Authority
group ranked “Teagasc” as the second most important actor among all7and Catchment Scientists ranked them as third. “EPA”, themain environ-
mental regulatory body of the country, was ranked first by PolicyMakers
and the Local Authority group. The important point regarding the steady
state ranking of actors is evident for theWater Service Provider group. Al-
though most of the stakeholders' representatives, viewed this group at
moderate to low ranking of efficiency due to the high number ofmissing
connections (Catchment Scientist: 0.42,Water Initiative Officers: 0.21, En-
vironmental Researchers: 0, Local Authorities: 0.19), the Water Service
Provider group believed that they had a central and efficient position
in the governance map. Also, the Water Service Provider group, did not
Table 4
Map results for different stakeholder groups with respect to Exercise A.
Catchment
Scientists
Water
Initiative
Officers
Environmental
Researchers
Policy
Makers
Local Authorities Water
Service
Providers
No. of variables 26 29 26 29 27 48
No. of connections 88 135 90 130 113 94
No. of receiver variables 1 1 0 1 1 0
No. of transmitter variables 5 0 3 0 0 0
Density 0.13 0.16 0.14 0.16 0.16 0.042
Highest-weighed variables Dept. of Ag. Farmers Teagasc EPA EPA Irish Water
Highest- missing variables NGOs Householders – Bord Bia Householders (Private
wells)
–
Hierarchy Index 0.28 0.58 0.34 0.28 0.21 0.04
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group perceived a positive connection with householders most of the
interviewed group perceived them to have a negative connection.
3.2. Exercise B: water quality indicators
Water quality indicators map of the Catchment Scientists representa-
tive group is indicated in Fig. 3. All stakeholder group FCMs are provided
in Supplementary material Figs. S8–S12 along with a summary table of
results giving a comparison of FCM components, in-degree, out-degree
and degree of centrality (Table S2).
The number of variables and connections provided by each group
alongside the outcome indices for this phase of the study are presented
in Table 5.
The Catchment Scientists and Policy Makers groups provided more
transmitter variables in their FCMs indicating that they see drinking
water quality being affected by other factors. Factors which negatively
affected otherswere found in each of the stakeholders' FCMs. The Catch-
ment Scientists group believed that “Poor drainage soils”, “Rented land”,
“Excessive rainfall” and “Farm intensity” had the highest negative ef-
fects on other factors, respectively. Water Initiative Officers thought
that “Extreme weather”, “Soil type” and “Cost of BMPs” had the most
negative effects on other factors. The Policy Makers group rated “Old
age farmers” and “Cost of BMPs” as the highest negative factors, the En-
vironmental Researchers thought the only negative factor was the “Cost
of BMPs”, and the Local Authorities believed “Slurry storage”, “Cost of
BMPs” and “Farmers knowledge”were the most negative factors.
The hierarchy index of 1 shows that the Policy Makers,Water Initia-
tive Officers and the Local Authorities had a top-down point of view re-
garding the topic and are unlikely to adapt to changes in managing
environmental issues at present. Research shows that enabling such
groups to work together would result in a less hierarchical map andFig. 2. The first highest-three ranked actors according to each st
8likely produce more democratic and creative solutions (Ozesmi and
Ozesmi, 2003). Calculating the steady conditions of maps in Exercise
B, the stable state was reached in less than 20 iterations, so facilitating
scenario testing. The highest-weighted variables among the groups
were abstract ideas of “Farmers behaviour and belief”, and “Farmers
knowledge” which highlighted their importance and contribution
among other variables and therefore is a good starting point to make
positive changes in the map. When comparing the steady-state phase
for the first three-highest ranked variables for each group interview
“Nutrient concentration in water”was seen as the most important var-
iable by the Catchment Scientists and Policy Makers and “Nutrient use ef-
ficiency” the second most important factors according to both
Catchment Scientists andWater Initiative Officers (Fig. 4). “Applied total
pesticides” was also the second most important factors according to
the Environmental Researchers and Local Authority groups. “Farmers in-
come”was the thirdmost important variable according to theWater Ini-
tiative Officers and the Environmental Researchers.
As outlined in the Materials and methods section, three indicators
were chosen in this study to test as the scenario. “Farmers knowledge”
and “Farmers behaviour and belief” indicators were selected since
both were among the highest-weighted variables in almost all analysed
FCM maps. This indicated their importance to stakeholders and can be
considered as a starting point to improve the system. The other indica-
tor chosen to examine a scenario test was “BMP uptake”, another high
ranked factor, discussed frequently by participants during the interview
sessions.
The results of the scenario testing were as follows: 1) “Farmers
knowledge” at the highest level of influence resulted in the Catchment
Scientists stakeholder representative group believing that “Farmers be-
haviour and belief”would increase to 45% and “Nutrient use efficiency”
to 33% (Fig. 5). The Policy Makers group thought that this change would
result in a 39% increase in the “Applied MCPA” efficiency and 34.5% toakeholders group in a steady-state condition in Exercise A.
Nodes Centrality distribution and colour legend of map
Fig. 3. FCMmap of water quality indicators, Catchment Scientist group.
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ficers saw the changes as a 9% increase to “Farmers behaviour and be-
lief”, 16% increase to “Regulations” and 2.5% to the “Applied total
pesticide”. Therefore, according to this scenario, the benefits of training
and advisory at a high level would lead to some knock on benefits for
environmental factors such as water quality, 2) “BMP uptake” at the
highest level of influence did not result in considerable impact on
other variables (Fig. 6). The Environmental Researchers believed this
would increase the “Nutrient use efficiency” by 52%. The Catchment Sci-
entists believed this would raise the “Applied total pesticide” by 44%.
The result here showed the importance of training. It demonstrates a9belief that implementation of best management practices to safeguard
water quality without the necessary trainingmay not result in environ-
mental gains, 3) “Farmers behaviour and belief” at the highest level the
Catchment Scientists group provided a high rate of increase for this
change as they perceived this would lead to a 47% increase to “Farmers
knowledge”, “Connectivity of stakeholders”, “BMPs uptake” and “Ap-
plied MCPA” (Fig. 7). The Water Initiative Officers group, on the other
hand, believed that this scenario would lead to a 19% increase in
“Farmers knowledge”, 8% increase to “Connectivity of stakeholders”,
5% increase in “Nutrient use efficiency” and 7% increase to “Farmers in-
come”. The PolicyMaker group believed therewould be a 15% increase in
Table 5
Maps results of different groups in Exercise B - water quality indicators.
Catchment Scientists Water Initiative Officers Environmental
researcher
Policy Makers Local Authorities
No. of variables 21 15 19 17 12
No. of connections 35 57 44 70
No. of receiver variables 3 1 3 3 0
No. of transmitter
variables
10 3 5 6 0
Density 0.083 0.271 0.129 0.257 0.462
Highest-weighed
variable
Farmers behaviour and
belief
Farmers behaviour and belief Geographic
Location
Farmers behaviour and
belief
Farmers knowledge
(positive)
Highest-negative
variable
Poor drainage soil Soil type/extreme weather/cost of
BMPs
Cost of BMPs Older age farmers Farmers knowledge
(negative)
Hierarchy Index 0.37 1 0.7 1 1
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pliedMCPA”, 22% increase to obtain “Regulations” and a 37% increase to
the “Applied total pesticide”. The Environmental Researcher group
assigned the highest increase i.e. 34% and 10% to “Farmers knowledge”
and “Farmers income”, respectively. The results here indicate the high
importance of boosting the farmers' intentions and willingness in
implementing measures which would be reached once they believe
there to be a benefit from the outcome (Hyland et al., 2018a, 2018b).
The map provided by the Local Authorities group did not provide a
policy-option which was considerably different to other variables
since the variables were too closely weighted to each other.4. Conclusions
In two exercises, the presented method of using FCMs and graph
theory analysis was suitable for comparing different actors' and stake-
holders' perceptions on both water governance and the indicators
affecting water quality. From our perspective, this is first time that
FCM has been used to evaluate a governance structure. Based on
stakeholder's perceptions three policy-options were run to suggest
ways that future improvement of water quality could be achieved.
Such scenario testing is uncommon in studies that focus on water qual-
ity or water governance. Indeed, the scenarios tested herein are only aFig. 4. The first highest-three ranked factors according to each
10few examples of other potential scenarios that could be investigated
using the data gathered.
In Exercise A, most of the interviewed stakeholder representative
groups showed a similar view with respect to “ranking and the impor-
tance” of the actors identified as being involved in the drinking water
governance of Ireland. Some similarities were also found in Exercise B
when ranking the factors of importance within an agricultural meso-
scale catchment scenario to achieve good drinkingwater quality. For ex-
ample, with the importance of “Nutrient concentration in water” and
“Applied total pesticide”. Identifying such similarities among stake-
holders is a good foundation for collaboration on specific problems. Dif-
ferences were also identified from the stakeholders' perception, for
example the contrasting perceptions of the “Water Service Provider”
role in Ireland, which could be perceived as a bottleneck to progress to-
wards good drinking water quality.
TheHierarchal Index demonstrated that, apart from theWater Initia-
tive Officers stakeholder representative group, the stakeholder groups
had a relatively democratic view of water governance and are likely to
be more open to engage and implement changes and management ob-
jectives. For the water quality indicators, only the Catchment Scientist
stakeholder representative group showed a democratic point of view
while others were fully hierarchal. These results suggest that asking
these representative stakeholder groups to work together could lead
to creative solutions.stakeholders group in steady-state condition in Exercise B.
Fig. 5. Outcome of policy option 1: Farmers knowledge was fixed at the highest influence value.
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sible solutions to be identified. For example, results suggested that
boosting “Farmers behaviour and belief” to the highest possible
level, would result in a large increase to other factors – a scenario
where farmers could benefit from the outcome. This would be
achieved by enhancing farmers' willingness and intention to
participate and implement BMPs. Better results would be achieved
if farmers believed in the method and could benefit from the out-
come. Also keeping “Farmers knowledge” at the highest point
had a positive influence on the other factors. This can be achieved
by enhancing farmer training and advising by local and national
actors.Fig. 6. Outcome of policy option 2: BMP uptak
11Some recommendations for future research and study regarding this
topic, using the FCM approach and other participatory modelling ap-
proaches that deal with perceptions, can be summarised as follows:
1. Each representative stakeholder group viewed thewater governance
framework from their own perspective, highlighting the need for
knowledge transfer. Further fragmentation may be avoided by hold-
ing additionalmulti-stakeholderworkshopswith the aimof integrat-
ing the governance system and establishing one aggregated water
governance map.
2. Polar ends of the water governance map were important. Most rep-
resentative stakeholder groups saw “Farmers” and the “Departmente was fixed at the highest influence value.
Fig. 7. Outcomes of policy option 3: Farmers behaviour and belief was fixed at the highest influence value.
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water quality within agricultural meso-scale catchments. It will be
important that representatives from these groups interact, highlight-
ing the role of organisations such as farmers' associations.
3. Stakeholder groups that were seen to have highmissing connections
in the governance structure should be encouraged to engage in col-
laborative water governance efforts.
4. The “Cost of BMPs”was believed to have the highest negative impact
on other factors and on water quality and should be reviewed for
solutions.
5. Studies such as this one that support sustainable water governance sys-
tems by integrating actors and stakeholders' perceptions and concerns
in policy development and reviews are recommended for the future.
6. To do the same research studies in certain case studies, by applying
themodels which can factor in the biases and perceptions of national
and local stakeholders while designing the methodology e.g. IPSM
and CSH would be a next step in this context.
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